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Carbon-coated  Ti02  nanotubes  are  prepared  by  a  simple  one-step  hydrothermal  method  with  an  addition 
of  glucose  in  the  starting  powder,  and  are  characterized  by  morphological  analysis  and  electrochemical 
measurement.  A  thin  carbon  coating  on  the  nanotube  surface  effectively  suppresses  severe  agglomeration 
of  Ti02  nanotubes  during  hydrothermal  reaction  and  post  calcination.  This  action  results  in  better  ionic 
and  electronic  kinetics  when  applied  to  lithium-ion  batteries.  Consequently,  carbon-coated  Ti02  nan¬ 
otubes  deliver  a  remarkable  lithium-ion  intercalation/deintercalation  performance,  such  as  reversible 
capacities  of  286  and  150mAhg_1  at  250  and  7500  mAg-1,  respectively. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

As  the  demand  for  alternative  electrode  materials  for  Li-ion  bat¬ 
teries  is  rapidly  increasing,  Ti02  draws  huge  attention  as  an  anode 
material  due  to  its  safety,  abundance  in  nature,  chemical  stability, 
and  non-toxicity  [1,2].  The  limitations  ofTi02  as  an  electrode  mate¬ 
rial  include  its  low  Li-ion  diffusivity  and  electronic  conductivity 
which  severely  deteriorate  reversible  capacity  and  high-rate  per¬ 
formance  [3,4].  Nanostructuring  ofTi02  has  been  actively  exploited 
to  overcome  these  drawbacks  by  reduction  of  the  transporting  path 
for  Li  ions  and  electrons,  and  extension  of  the  contact  area  between 
electrode  and  electrolyte.  These  effects  have  resulted  in  many  sig¬ 
nificant  successes  [5-7]. 

Nonetheless,  the  intrinsically  slow  kinetics  for  both  electrons 
and  Li  ions  still  hinder  high-rate  performance,  which  is  an  impor¬ 
tant  factor  for  high-power  applications.  Hence,  a  nano-scale  coating 
on  the  nanostructured  Ti02  has  been  attempted  to  improve  the 
overall  kinetics  [8-15].  Depending  on  the  material,  the  surface 
coating  can  promote  faster  Li-ion  diffusion  or  electron  transport, 
suppress  the  particle  clustering  frequently  observed  in  nanoparti¬ 
cles,  and/or  limit  excessive  particle  growth.  Among  various  coating 
materials,  carbon  is  the  most  widely  used  since  it  can  improve 
the  electronic  conductivity  of  the  non-conducting  materials  and  be 
synthesized  very  easily  using  a  variety  of  methods  [12-15].  Unfor¬ 
tunately,  the  carbon  coating  on  Ti02  nanostructures  has  not  been 
successful.  Previous  studies  reported  only  marginal  improvements 
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in  reversible  capacity  (up  to  200  mAh  g-1)  and  in  high  rate  capa¬ 
bility  from  the  carbon-coated  Ti02  nanostructures  [12-15].  This 
may  be  because  those  studies  focused  primarily  on  an  increase  of 
electronic  conductivity,  which  might  not  be  sufficient  to  make  a 
huge  improvement  on  Li-ion  intercalation  performance,  especially 
at  high  rates.  Recently,  several  studies  have  shown  that  a  non- 
conductive  ceramic  coating  on  Ti02  nanotubes  can  significantly 
improve  reversible  capacity  and  high  rate  capability  by  suppression 
of  the  agglomeration  and/or  growth  of  Ti02  nanotubes  [8,9].  Better 
Li-ion  intercalation  performance  is  also  expected  if  the  carbon  coat¬ 
ing  on  Ti02  nanotubes  can  act  as  a  dispersant  to  limit  agglomeration 
in  addition  to  enhancing  electronic  conductivity.  The  present  study 
aims  to  improve  the  Li-ion  intercalation  performance  of  Ti02  by  the 
carbon  coating.  As  the  first  step,  the  ability  of  the  carbon  coating 
to  suppress  agglomeration  of  the  nanotubes  is  investigated  using 
carbon-coated  Ti02  nanotubes  prepared  by  one-pot  hydrothermal 
synthesis.  Since  the  carbon  coating  can  be  easily  prepared  by  a  sim¬ 
ple  addition  of  a  carbon  precursor  in  the  starting  powder,  it  can  have 
advantage  in  terms  of  simplicity  and  cost-effectiveness  over  other 
coating  materials,  which  normally  require  additional  steps  for  the 
coating. 


2.  Experimental 

Ti02  nanotubes  were  prepared  by  hydrothermal  reaction  of 
Ti02  (anatase)  powders  with  a  NaOH  aqueous  solution  [16].  For 
carbon-coated  Ti02  nanotubes,  1.5  g  of  glucose  (Aldrich)  and  4.5  g 
of  Ti02  powder  (Aldrich)  were  dispersed  in  75  mL  of  a  10M 
NaOH  (Aldrich)  aqueous  solution.  After  sonication  in  an  ultrasonic 
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Fig.  1.  SEM  images  of  (a  and  b)  PTNT  and  (c  and  d)  CTNT. 


bath  for  30  min,  the  solution  was  transferred  to  a  Teflon-lined 
stainless  autoclave.  Hydrothermal  treatment  was  conducted  at 
180  °C  for  3h  at  the  beginning  and  then  at  150°C  for  48  h.  The 
reaction  product  was  washed  with  distilled  water,  a  HC1  solu¬ 
tion  (0.05  M),  and  distilled  water  until  pH  7.  For  the  pristine 
Ti02  nanotubes,  pure  Ti02  (6g)  was  hydrothermally  reacted  in 
75  mL  of  a  10  M  NaOH  aqueous  solution  at  150°C  for  48  h.  After 
drying  at  70  °C  for  12h,  titanate  nanotubes  were  calcined  at 
400  °C  for  5  h  in  an  argon-flowing  tube  furnace.  Final  products 
were  examined  by  nitrogen  adsorption  isotherms  (Micromeritics, 
ASAP-2010),  X-ray  diffraction  (Rigaku,  D/MAX  2000),  elemen¬ 
tal  analysis  (Fisons,  EA  1108),  scanning  electron  microscopy 
(JEOL,  JSM-6700F),  and  transmission  electron  microscopy  (JEOL, 
JEM-2010). 

Coin  cells  (CR  2032)  were  constructed  in  a  dry  room  to  inves¬ 
tigate  Li-ion  intercalation  behaviour.  The  working  electrode  was 
prepared  from  85wt.%  active  material,  10wt.%  polyvinylidene 
fluoride,  and  5wt.%  Super-P  carbon  black  in  a  n-methyl-2- 
pyrrolidinone  (NMP)  solvent.  The  coin  cells  also  used  Li  metal 
as  a  counter  electrode,  a  Celgard  2400  as  a  separator,  1  M  LiPF6 
in  a  mixture  of  ethylene  carbonate  (EC)  and  dimethyl  carbon¬ 
ate  (DMC)  (1:1  in  volume)  as  an  electrolyte.  The  loading  of  all 
electrodes  was  about  1.7  mg  cm-2.  The  cells  were  galvanostati- 
cally  charged  and  discharged  over  a  voltage  range  of  1. 0-3.0  V  vs. 
Li+/Li  using  a  battery  cycler  (WonATech,  WBCS3000).  Electrochem¬ 
ical  impedance  spectroscopy  (EIS)  was  conducted  in  the  frequency 
range  from  106Hz  to  1  mHz  with  an  amplitude  of  5  mV  (PAR, 
Versastat3). 


3.  Results  and  discussion 

For  the  sake  of  brevity,  the  pristine  and  carbon  coated  Ti02  nan¬ 
otubes  will  be  denoted  as  PTNT  (pristine  Ti02  nanotube)  and  CTNT 
(carbon  coated  Ti02  nanotube),  respectively.  The  SEM  images  show 
the  effect  of  carbon  coating  on  the  clustering  of  nanotubes  (Fig.  1). 
Without  carbon  coating,  PTNT  has  a  strong  tendency  to  agglomer¬ 
ate  and,  consequently,  forms  secondary  particles  where  individual 
nanotubes  are  tightly  packed  together.  In  some  instances,  several 
secondary  particles  are  clustered  together,  resulting  in  very  large 
aggregates  as  shown  in  Fig.  la.  This  severe  clustering  of  nanotubes 
prohibites  direct  access  of  Li-ion  and  electrons  to  the  whole  sur¬ 
face  of  the  primary  nanotubes  and  thereby  annihilates  the  main 
benefit  of  nanostructuring.  The  added  glucose  appears  to  restrain 
extensive  agglomeration  by  producing  a  thin  layer  of  carbon  on 
the  nanotube  surface.  The  SEM  images  of  CTNT  show  somewhat 
loosely-attached  individual  nanotubes  as  compared  with  PTNT.  In 
addition,  the  secondary  particles  appear  to  be  evenly  dispersed  and 
the  huge  aggregate  of  secondary  particles  observed  in  PTNT  is  not 
found  in  CTNT.  The  TEM  images  (Fig.  2)  show  tubular  morphology 
of  Ti02  nanotubes  more  clearly  and  no  distinct  morphological  dif¬ 
ference  between  PTNT  and  CTNT  is  observed  probably  due  to  the 
relatively  low  calcination  temperature.  Ti02  nanotubes  had  inner 
diameters  of  4-1  Onm,  outer  diameters  of  6-13  nm,  and  lengths 
of  60-300  nm.  The  densities  of  PTNT  and  CTNT  determined  by 
Archimedes’  principle  are  1.75  and  1.69 gem-3,  respectively. 

Due  to  the  low  calcination  temperature,  the  crystallinity  of  Ti02 
nanotubes  is  rather  poor  and,  therefore,  XRD  patterns  (Fig.  3a)  show 
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Fig.  2.  TEM  images  of  (a  and  b)  PTNT  and  (c  and  d)  CTNT. 


weak  anatase  peaks.  Indeed,  the  XRD  pattern  of  CTNT  displays  even 
lower  peak  intensities  which  indicate  that  CTNT  is  more  amor¬ 
phous  in  nature.  No  other  phase  is  identified  in  both  PTNT  and 
CTNT.  Brunauer-Emmett-Teller  (BET)  surface  areas  are  measured 
by  nitrogen  adsorption-desorption  isotherms  and,  as  expected, 
CTNT  has  a  higher  BET  surface  area  because  of  its  less  tendency  to 
agglomerate:  352  m2  g-1  for  CTNT  and  315  m2  g-1  for  PTNT.  Such  a 
high  surface  area  of  CTNT  makes  it  very  difficult  to  detect  the  car¬ 
bon  layer  on  the  nanotube  surface  in  TEM  images.  In  Fig.  2d,  it  is 
not  possible  to  find  the  coated  carbon  layer  on  the  surface  of  CTNT. 
Since  the  carbon  content  in  CTNT  measured  by  the  elemental  anal¬ 
ysis  is  ~1  wt.%,  the  average  carbon  thickness  can  be  estimated  as 
~0.02  nm  based  on  the  density  of  amorphous  carbon  (~1 .8  g  cm-3 ) 
by  assuming  that  the  carbon  is  deposited  evenly  over  the  whole 
surface  of  the  nanotubes.  Although  this  calculation  may  not  be  real¬ 
istic,  it  can  give  an  insight  into  why  it  is  impossible  to  observe  the 
carbon  coating  under  TEM. 

The  high  surface  area  of  CTNT  can  grant  Li  ions  and  electrons 
easy  access  to  the  whole  surface  of  the  nanotubes,  resulting  in 
the  better  kinetics  for  Li-ion  intercalation/deintercalation.  EIS  mea¬ 
surements  were  conducted  to  elucidate  Li-ion  and  electron  kinetics 
in  PTNT  and  CTNT  electrodes.  The  Nyquist  plots  at  open-circuit 
voltage  of  PTNT  and  CTNT  are  shown  in  Fig.  3b.  They  show  a  typ¬ 
ical  characteristic  shape  with  a  semi-circle  in  the  high-frequency 
region  connected  with  a  straight  line  in  the  low-frequency  region. 
The  semi-circle  at  high  frequencies  corresponds  to  charge-transfer 
resistance  at  the  electrode  [electrolyte  interface  and  the  straight 
line  at  low  frequencies  represents  a  solid-state  diffusion-controlled 


process  of  Li-ion  [17].  The  charge-transfer  resistance  of  CTNT  is 
lower  than  that  of  PTNT  in  Fig.  3b.  Since  the  cell  components  and 
geometry  are  exactly  same  for  both  CTNT  and  PTNT,  the  lower 
charge  transfer  resistance  of  CTNT  would  be  caused  by  the  better 
electron  and  Li-ion  kinetics  due  to  the  less-clustered  nanotubes. 
It  is  noted  here  that  the  carbon  coating  from  organic  precursors 
should  be  heat-treated  over  600  °C  in  order  to  improve  the  elec¬ 
tronic  conductivity  of  electrode  materials  [18].  Accordingly,  the 
reduced  charge  transfer  resistance  of  CTNT  is  attributed  solely  to 
the  more  open  structured  secondary  particles. 

Charge-discharge  tests  were  conducted  galvanostatically 
between  1  and  3  V  (vs.  Li+/Li)  at  various  rates  from  250  to 
7500  mAg-1  and  potential  profiles  at  a  rate  of  250  mAg-1  are 
shown  in  Fig.  4a  and  b.  The  potential  profiles  have  a  typical 
shape  for  anatase  Ti02,  which  consists  of  the  plateau  from  two- 
phase  intercalation  followed  by  a  sloping  region  that  originates 
from  supercapacitive  behaviour.  At  250  mA  g-1 ,  the  first  reversible 
capacity  of  PTNT  is  185mAhg-1,  which  is  comparable  to  the  val¬ 
ues  from  other  studies  with  similar  synthetic  and  measurement 
conditions  [16,19],  and  the  reversible  capacity  at  the  50th  cycle  is 
179  mAhg-1  with  a  capacity  retention  of  97%.  Coulombic  efficien¬ 
cies  are  95.8  and  99.1%  at  the  first  and  50th  cycles,  respectively. 
Carbon  coating  increases  capacity  substantially  such  that  the  first 
reversible  capacity  of  CTNT  is  285  mAh  g-1  (~54%  increase  in 
reversible  capacity  from  PTNT).  At  the  50th  cycle,  the  reversible 
capacity  is  still  273  mAh  g-1  (~53%  increase  from  PTNT),  i.e.,  a 
capacity  retention  of  96%.  Coulombic  efficiencies  for  CTNT  are  98.7 
and  99.4%  at  the  first  and  50th  cycles,  respectively.  Not  only  are 
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Fig.  3.  (a)  XRD  diffraction  patterns  of  PTNT  and  CTNT  and  (b)  Nyquist  plots  from 
electrochemical  impedance  spectroscopy. 


these  values  much  higher  than  other  reported  capacities  for  carbon 
coated  Ti02  nanostructures  (~1 40-200  mAh  g-1)  [12-15],  which 
were  measured  at  even  lower  currents  (60-200  mAg-1 )  than  those 
used  in  the  present  study  (250  mAg-1),  but  also  they  are  higher 
than,  or  at  least  comparable  with,  the  best  results  for  Ti02  anodes 
that  have  been  reported  previously  (~220-270mAhg_1)  [5,8]. 

Comparing  potential  profiles  of  PTNT  and  CTNT,  CTNT  has  a 
longer  plateau  at  1.75  V,  implying  a  more  ordered  phase  transi¬ 
tion  from  Li*Ti02  to  Li0.5TiO2  [20].  This  result  appears  surprising 
since  CTNT  shows  a  more  amorphous  nature  in  the  XRD  pattern 
(Fig.  3a)  which  normally  results  in  a  less  resolved  plateau  for  Ti02. 
Nevertheless,  both  PTNT  and  CTNT  have  poor  crystallinity,  although 
PTNT  showed  relatively  better  crystallization,  so  that  the  degrees 
of  crystallization  of  PTNT  and  CTNT  may  not  be  very  different.  If 
so,  a  better  dispersion  of  nanotubes  would  be  the  reason  for  the 
pronounced  plateau  of  CTNT  since  it  could  offer  more  accessible 
sites  for  the  ordered  phase  transition.  The  better  dispersion  and 
the  resulting  high  specific  surface  area  of  CTNT  also  leads  to  a  sub¬ 
stantial  increase  in  supercapacitive  capacity  which  is  evident  by 
the  longer  sloping  region  in  the  potential  profile  of  CTNT  as  com¬ 
pared  with  that  of  PTNT.  Although  both  PTNT  and  CTNT  display 
high  coulombic  efficiencies,  i.e.,  >99.1%  at  the  50th  cycle,  CTNT  has 
a  better  cycling  stability.  In  Fig.  4a,  the  potential  profiles  of  PTNT 
display  slight  deviations  between  each  cycle  and  the  profile  for  the 
50th  cycle  is  quite  different  from  that  the  first  cycle.  On  the  other 
hand,  CTNT  has  almost  identical  potential  profiles  throughout  all 
cycles  and  thus  exhibits  excellent  cycling  stability  (Fig.  4b). 

The  discharge  capacities  of  PTNT  and  CTNT  at  various  rates  (5 
cycles  for  each  rate)  is  given  in  Fig.  4c.  The  dramatic  effect  of  the 
carbon  coating  at  high  rates  is  clearly  addressed.  The  discharge 
capacities  of  PTNT  at  the  5th  cycle  are  153, 118, 51  and  36  mAh  g-1 
for  discharge  rates  of  1250,  2500,  5000  and  7500  mAg-1,  respec¬ 
tively.  These  are  only  81,  63,  27  and  19%  of  the  discharge  capacity 
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Fig.  4.  Potential  profiles  at  a  rate  of  250  mA  g_1  for  the  1  st,  2nd,  1 0th,  20th,  and  50th 
cycles  for  (a)  PTNT  and  (b)  CTNT.  (c)  Rate  capabilities  of  Ti02  nanotubes  at  rates  of 
500, 1250,  2500,  5000,  and  7500  mAg”1. 

at  250  mAg-1  (188  mAh  g-1  at  5th  cycle),  respectively.  Espe¬ 
cially  at  5000  mAg-1,  a  large  capacity  drop  from  the  capacity  at 
2500  mAg-1  can  be  seen  in  Fig.  4c,  thus  indicating  very  poor 
high-rate  capability.  Whereas  PTNT  suffers  a  large  capacity  loss 
at  very  high  rates,  CTNT  exhibited  good  performance.  At  1250, 
2500, 5000  and  7500  mA  g-1 ,  CTNT  has  a  discharge  capacity  of  248, 
226, 191  and  150mAhg-1,  corresponding  to  87,  79,  67  and  53%  of 
the  discharge  capacity  at  250 mAg-1  (285 mAh g-1  at  5th  cycle), 
respectively.  Comparing  the  discharge  capacities  at  7500  mAg-1 ,  it 
is  clear  that  the  high-rate  capability,  apart  from  the  huge  capacity 
improvement  throughout  the  range  of  rates,  is  greatly  enhanced  by 
the  carbon  coating.  Furthermore,  the  large  capacity  gap  between 
2500  and  5000 mAg-1  shown  by  PTNT  (~67mAhg-1)  is  reduced 
by  half  with  CTNT  (~35  mAhg-1 ).  It  is  also  important  to  mention 
that  the  working  electrode  has  85  wt.%  of  active  material  with  only 
5wt.%  of  carbon  black,  whereas  more  than  10  wt.%  of  conducting 
agent  is  normally  used  in  other  studies  [5-15].  Therefore,  the  Li- 
ion  intercalation  performance  in  the  present  study  could  be  better 
if  10  wt.%  of  carbon  black  was  used  like  other  studies. 

An  important  question  is  why  other  carbon  coated  Ti02 
nanostructures  reported  previously  were  not  able  to  deliver  an 
acceptable  high-rate  performance  [12-15].  Most  previous  stud¬ 
ies  have  focused  on  the  improvement  of  electronic  conductivity 
from  the  carbon  coating,  they  have  therefore  failed  to  maintain 
a  large  surface  area  with  a  porous  structure  in  the  final  prod¬ 
uct,  because  of  the  development  of  dense  secondary  particles  via 
extensive  aggregation,  excessive  growth  of  nanotubes  during  high 
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temperature  calcination,  etc.  It  is  demonstrated  that  the  high-rate 
capability  of  the  ordered  mesoporous  Ti02  is  better  than  that  of 
the  metallized-disordered  mesoporous  Ti02.  This  suggests  that 
the  access  of  electrolyte  to  the  entire  surface  of  Ti02  is  crucial  to 
achieve  a  good  high  rate  performance  [5].  Unlike  previous  studies, 
the  carbon  coating  in  this  study  primarily  acts  as  a  dispersant  to 
prevent  severe  agglomeration  of  Ti02  nanotubes  and,  as  a  result, 
CTNT  can  deliver  remarkable  reversible  capacities  and  high-rate 
capability.  Similar  Li-ion  intercalation  behaviour  is  also  observed 
in  Ti02  nanotubes  coated  with  ceramic  stabilizers  [8],  but  addi¬ 
tional  process  steps  are  required  for  the  ceramic  coating,  aside  from 
the  synthesis  of  Ti02  nanotubes,  and  this  may  increase  complex¬ 
ity  and  production  cost.  On  the  other  hand,  the  use  of  an  organic 
carbon  precursor  allows  a  simple  one-step  synthesis  of  carbon- 
coated  Ti02  nanotubes.  In  this  study,  the  calcination  temperature 
is  400  °C  in  order  to  minimize  the  agglomeration  of  nanotubes 
during  heat  treatment  and  exclude  the  effect  of  a  change  in  elec¬ 
tronic  conductivity.  On  the  other  hand,  it  would  be  interesting  to 
see  if  a  carbon  coating  can  improve  the  electronic  conductivity  of 
an  Ti02  anode  while  it  acts  as  the  dispersant  simultaneously.  This 
is  a  subject  of  ongoing  research  and  the  results  will  be  addressed 
later. 

4.  Conclusions 

Carbon-coated  Ti02  nanotubes  are  prepared  by  a  simple  one- 
step  hydrothermal  method  with  addition  of  glucose  in  the  starting 
powder.  A  thin  carbon-coating  on  the  nanotube  surface  effec¬ 
tively  suppresses  severe  agglomeration  of  Ti02  nanotubes  during 
hydrothermal  reaction  and  post  calcination,  resulting  in  superior 
reversible  capacity  and  high-rate  capability.  At  7500  mAg-1,  the 
gravimetric  capacity  of  CTNT  is  ~150mAhg-1,  which  is  about  a 
threefold  increase  from  that  of  PTNT.  This  study  demonstrates  that  a 
high  contact  area  between  the  electrolyte  and  the  electrode,  which 
is  easily  achieved  by  the  carbon  coating  used  in  this  study,  is  critical 
for  improved  reversible  capacity  and  enhanced  high-rate  perfor¬ 


mance  of  Ti02  nanotubes.  In  addition,  the  synthetic  method  in  this 
work  can  also  be  applied  to  other  polymorphs  or  nanostructural 
forms  of  Ti02,  such  as  Ti02(B)  nanowires,  without  any  significant 
modification. 
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